The effect of the addition of Ti and Al on the solidification structure of Ni-4%Mo-5%Cu-13%Fe (mass%) alloys was investigated. It was found that the addition of an optimal amount of both Ti and Al affects on the formation of equiaxed fine grains. Oxide films formed on the molten alloy surface (scum) were examined using a transmission electron microscope equipped with energy dispersive spectrometers. The scum was analyzed and found to contain two separated phases of TiO with the monoclinic structure and Al2O3 with the corundum structure. The TiO might be the NaCl structure at the melting point of the matrix phase.
Introduction
Ni-base alloys have many applications including magnetic and electric parts, as well as applications under severe corrosive environments. For example, Ni-Mo-Fe, Ni-MoCu-Fe or Ni-Fe systems are used in electric devices because of their soft magnetic properties. UNS NW2201 (>99.0mass%Ni) is used not only in electric devices because of its high electric conductivity but also in the reactors of caustic soda plants because of superior corrosion resistance in alkaline environments. Alloys of NW0276 or NW6022 with Ni-Cr-Mo-W-Fe systems have corrosion resistance as high as that of Ti-base alloys so these alloys are employed in chemical plants that contain high concentrations of Cl -ions. NW4400 with a Ni-Cu system is generally used in marine environments.
These alloys have conventionally been produced by ingot casting followed by forging and rolling to create plates or sheets. Recently, challenging trials to produce these types of alloys by a continuous casting (CC) process 1, 2) have been attempted to reduce manufacturing cost and minimize delivery times. Macroscopic segregation of alloying elements during solidification occasionally deteriorates various properties of Ni-base alloys. In the case of the CC process, centerline segregation, which leads to some mechanical problems including centerburst during hot rolling or wire breakage during drawing, is a serious issue. Therefore, considerable effort must be made to reduce the extent of centerline segregation. Formation of an equiaxed grain solidification structure has been effective in reducing centerline segregation. Some technologies have been developed for increasing the ratio of equiaxed to columnar grains. An electronic magnetic stirrer (EMS) is very effective in increasing the ratio of equiaxed to columnar grains, but the installation of the equipment for EMS is rather expensive. Decreasing the pouring temperature of molten alloys is also effective, but keeping the temperature as low as possible is always associated with industrial issues such as nozzle blockage.
The inoculation technique is the most usable method for promoting the formation of equiaxed grain solidification structures. TiN, [3] [4] [5] TiC, 3) or oxides of rare earth metals [6] [7] [8] are well-known compounds for enhancing the nucleation of the austenite or delta-ferrite phase in the steelmaking process. Recently, Ti-oxide and Ti-rich oxide have been reported as effective nucleation sites of delta-ferrite. 9) These phenomena are comprehensively explained by the small lattice disregistry between the inoculants and delta-ferrite. For Ni-base alloys, studies investigating effective inoculation elements for the primary phase during solidification have been conducted to obtain fine microstructures in castings. Cobalt aluminate (CoAl2O4) is a known inoculant in the foundry of Ni-base cast superalloys, [10] [11] [12] which is introduced into the surface coat slurry and refines the microstructure of the surface grains of the castings; however, the coated CoAl2O4 only refines the structure of the surface layer.
In this study, the effect of Ti and Al addition on the solidification structure of Ni-Fe-Mo-Cu type alloys has been investigated. The optimal compositional regions of Ti and Al required to obtain fine equiaxed solidification structures are clarified. The mechanism of the formation of the equiaxed structure has been discussed on the basis of lattice planar disregistry of oxides with respect to Ni.
Experimental Procedure
Cylindrical alloy ingots weighing approximately 300 g were prepared from high-purity Ni (>99.99%), Fe (>99.99%), Mo (>99%), Cu (>99.99%), Ti (>99%) and Al (>99.99%) in alumina crucibles using an induction furnace under an argon atmosphere. The alumina crucible has an outer diameter of 50 mm, an inner diameter of 40 mm and a height of 100 mm. For each alloy, the pure Ni, Fe, Cu and Mo were first melted and the bath was kept in the molten state for 10 minute at approximately 1 480°C which is 50°C higher than the melting point of the base alloy. Then, the other elements were added to the melt in the order of Al and then Ti, and the bath was kept in the molten state for three minute. Next, the furnace was turned off, and the melt was allowed to solidify in the crucibles. The measured cooling rate during solidification range was approximately 30°C/min. The base composition of the alloys was Ni-13%Fe-5%Cu-4%Mo (mass%), and 0.01% to 0.3% Al and 0.01% to 1.0% Ti were added. In total, eighteen alloys were prepared; their chemical compositions are given in Table 1 . A small amount of Ti (less than 0.02%) was detected in the alloys to which no Ti was added. These Ti impurities may have been picked up from Mo sheets.
Macro-and microstructural examinations of specimens were conducted using an optical microscope. Figure 1 shows the cast specimen size and cross section of the observed surface. The cast specimens were sectioned along the longitudinally section at the center and transversely 10 mm away from the bottom. Each specimen surface was ground, polished, and chemically etched using a nitrohydrochloride solution (hydrochloride:nitric acid:water = 2:1:1) with a couple of drops of hydrogen peroxide (H2O2) to expose the macrostructure. For microscopic examination, the polished specimen rubbed by cotton wool soaked with an acid solution (nitric acid:acetic acid = 2:1) for 5 minutes.
Assuming that each grain is globular, the average grain diameter can be calculated using the following equation:
. where, l is the average grain diameter, S is the measured area (m 2 ), n is the number of the grains counted in the micrograph.
The distribution of the elements was analyzed by qualitative segregation mapping using an electron probe microanalyzer (EPMA) equipped with wavelength dispersive spectrometers. Nonmetallic inclusions were observed using a scanning electron microscope (SEM). In addition, an oxide film layer was formed on the top surface of the molten alloy when Al and Ti were added. Some of these films were analyzed using a transmission electron microscope (TEM) equipped with energy dispersive spectrometers (EDS). The foil for TEM examination was taken from the top surface layer and was prepared by focused ion beam (FIB) combined with SEM. The FIB section was prepared using a 30 keV focused Ga ion beam. Deposition of carbon-strips protecting the chosen region was followed by ion-beam.
Results and Discussion

Solidification Structures
A typical photograph of an alloy with an equiaxed structure is shown in Fig. 2 . The figure shows that both longitudinal and transverse sections have fine grains. A large shrinkage cavity is seen almost at the middle of the specimen. This position is considered to be part of the final solidification. Careful examination revealed that this portion also has numerous small porosities. Figure 3 shows a typical macroscopic solidification structure dominated by the columnar structure. The direction of the columnar growth is apparently from the side and bottom walls to the center. The grain size seen in Fig. 3 is larger than those of the equiaxed alloys. In addition, the dendritic structures can be observed in the grains.
Figures 4(a) and 4(b) show typical micrographs of alloys dominated by equiaxed and columnar structures, respectively. A significant morphologic difference is obvious in that the dendrites are shorter in the alloys with equiaxed grains. In other words, dendrites are quite clearly seen in columnar structures.
The observed solidification structure with the average grain size is listed in Table 1 and summarized in Fig. 5 . In the alloys classified as "C" or "E" in Table 1 , the area of the columnar or equiaxed structure is more than 90%, respectively. Alloys with mixed columnar and equiaxed structures are classified as "C + E". Addition of an optimal amount of both Ti and Al is effective in the formation of equiaxed fine grains. The optimal composition area is indicated by a broken line in Fig. 5 . This result suggests that the addition of an optimal amount of both Ti and Al promotes the nucleation of the fcc Ni phase.
A similar result was found in a ferritic stainless steel welding wire for automotive gas exhaust. 13) Their research differs from this study in that a small amount of N was added to allow inclusions of AlN and TiN. They mentioned that after welding, the grains were successfully refined by adding a mixture of Al and Ti ranging from 0.02 mass% to 0.08 mass% and from 0.02 mass% to 0.12 mass%, respectively. The smallest fine structure was obtained by adding 0.04 mass% Al and 0.08 mass% Ti. This was attributed to the fact that the distribution of the inclusions was optimal; the optimal compositional range led to the formation of numerous finer inclusions than the other ranges. Figures 6 and 7 show the backscatter electron images and the characteristic X-ray images of Al, Cu, Mo, Ni, O, and Ti of alloy Nos. 18 and 6 with equiaxed and columnar structures, respectively. During solidification, Cu and Ti are apparently ejected between the dendrite arms and segregated significantly, as shown in Figs. 6(b) , 6(c), 7(b), and 7(c). On the other hand, Mo, Al, and O have no clear segregation. In both cases, only the primary phase was observed; no secondary phase such as intermetallic compounds was observed. Figure 8 shows the secondary electron image of the etched surface of the No. 8 alloy. Small inclusions that could not be detected by compositional mapping were observed. Similar inclusions were also observed in other alloys. According to the qualitative EDS analysis, these inclusions are expected to be Al-oxides, Ti-oxides and mixed Al-Ti oxides. It is certain that these oxides play a key role in the formation of equiaxed fine grains, as some oxides act as heterogeneous nucleants of the fcc Ni phase. Since the size of the nonmetallic inclusions is small, detailed analysis is difficult. Therefore, the thin scum layers formed on the top surface of the molten alloys, which were expected to have the same crystal structure as that of the dispersed inclusions, were analyzed by TEM-EDS.
SEM Examination
TEM Examination
During the melting of the alloys, a thin scum layer was formed when Al and/or Ti were added. This layer may be attributed to oxygen impurities contained in the base alloy (Table 1) . No scum was observed on the base alloy; thus, the scum formation was most likely caused by deoxidation products. Nitrides such as TiN were not observed because the nitrogen impurity content was very low.
TEM samples were taken from the scum on the alloy Nos. 16 and 18 after solidification. Figures 9(a) , 9(b), and 9(c) show the bright field image with electron diffraction patterns and the characteristic X-ray images of Ti and Al, respectively, taken from alloy No. 18, which showed the equiaxed structure. The scum was found to be as thin as 1 μm and was composed of two phases; the phases enriched by Ti and Al were completely separated. According to the electron diffraction patterns, Al-oxide has surely been identified as α-Al2O3 with the corundum structure. On the other hand, Ti-oxide was identified as TiO with the monoclinic structure. It is known that the TiO with NaCl structure is distorted to monoclinic system below 1 026°C by vacancy ordering. 14) Thus, the Ti-oxide might be the TiO with NaCl structure at the melting point. 14) Figure 10 shows the quantitative analyses of the phases enriched by Ti and Al. The oxide phases are almost pure Ti-oxide or Al-oxide with no intermediate oxide compound such as Al2TiO5. 15 ) Figures  11(a) and 11(b) show the bright field image with electron diffraction patterns and the characteristic X-ray images of Al, respectively, taken from the thin scum on alloy No. 16, which shows a columnar structure. In the scum layer, only one phase was observed and the Al was enriched in the scum [ Fig. 11(b) ]. Ti-rich oxide could not be observed in this specimen. This phase could be identified as α-Al2O3 from the electron diffraction pattern. The result of the quantitative analyses of this phase is shown in Fig. 12 . In particular, the spectrums of Al and O were detected and Ti was not included in this oxide. The spectrums of Fe and Ni may have been picked up from the matrix. These facts suggest that α-Al2O3 and TiO play a key role in the formation of equiaxed fine grains.
The interfacial energy between the nuclei and the inoculant has been known as the most important factor in heterogeneous nucleation. It is also known that the interfacial energy relate mainly to lattice disregistry between the nuclei and the inoculant. Thus, a small lattice disregistry reduces the energy barrier for nucleation through a minimization of the interfacial energy. Planar registry has been proposed as follows: 3) ..... (2) where, (hkl)i is the reciprocal lattice vector of the inoculant: . On the other hand, the disregistry between TiO and fcc Ni at 1 726 K has been evaluated as . The crystallographic data used for the calculation is listed in Table 2 . [16] [17] [18] The lattice parameters of the fcc Ni were calculated using the equation proposed by Wang et al. 16) The lattice parameter of TiO at 1 726 K was the estimated using the linear thermal expansion. Since there is a lack of data on TiO, the thermal expansion coefficient of TiN has been adopted as the value of TiO 18) because the TiN has the same NaCl structure with TiO. The calculated disregistry of TiO is a value comparable with those of NiAl2O4 and CoAl2O4, which are known as inoculants of fcc Ni. 12) Thus, TiO can be expected to be an inoculant for the fcc Ni phase.
Recently, Kasai et al. 19) proposed that TiO is an effective inoculant for ferrite as well as TiN. They showed that the way TiO promoted the nucleation of ferrite was different from that done by TiN. To promote nucleation, TiN had to satisfy the Baker-Nutting relationship in the lattice direction, while TiO could promote nucleation without a special orientation relationship. It was estimated that, in the case of TiO, Ti-Fe bonding directly played a direct and important role in decreasing interfacial energy between ferrite and TiO by ab initio calculation. Thus, the interfacial energy did not show a strong dependence on the orientation. Similar phenomena may be expected at Ni/TiO interface. Promotion of nucleation by Ti-oxides is still under discussion. As seen in Fig. 5 , the alloys in which only Ti was added did not result in fine equiaxed grains. The similar result was found in a ferritic stainless steel welding wire by Inui et al. 13) They suggested that the optimal addition of Al and Ti led to the fine dispersion of TiN and the fine microstructure was obtained by the inoculant effect of TiN on the ferrite phase. Similar reason for the present result is considered; the distribution conditions of TiO may be different between the Ti-added alloys and those with the addition of both Al and Ti. It is considered that the addition of both Al and Ti causes the fine dispersion of TiO and promotes the nucleation of the primary fcc Ni phase.
More basic studies are necessary to completely clarify the mechanism of oxide dispersion as well as the Ti-oxide species.
Conclusions
Experiments were conducted to obtain a fine equiaxed grains structure of the primary phase during the solidification of Ni-Fe-Mo-Cu alloys. It was found that the addition of optimal amounts of both Ti and Al was effective in forming equiaxed fine grains. The scum observed on the alloys showing the equiaxed structure was found to contain separated phases of TiO and Al2O3. Lattice disregistry between TiO and fcc Ni was calculated to be as small as 16%. TiO precipitated with Al2O3 in Ni melt could be expected to be the heterogeneous nucleation sites for the fcc Ni phase.
